Inspired by the discovery of high temperature superconductivity in potassium-doped p-terphenyl, we examine the possibility of superconductivity in p-quaterphenyl with one more phenyl ring than p-terphenyl. The Meissner effect with critical temperatures ranging from 3.5 K to 120 K is found by the magnetic susceptibility measurements in p-quaterphenyl upon doping potassium in the condition of annealing or just pestling. The primary superconducting phase with critical temperature of 7.2 K can be reduplicated in several superconducting samples. In both the annealed and pestled superconducting samples, the observation of bipolaronic character by the Raman scattering measurements reveals the close relationship between bipolarons and superconductivity. The occurrence of superconductivity in potassium-doped p-quaterphenyl provides an indication that chain link organic molecules are potential candidates for high temperature superconductors.
I. INTRODUCTION
The perpetual enthusiasm of chasing novel high temperature superconductors is never dampened. Organic compounds are predicted as candidates of superconductors with high critical temperature (T c ) even above room temperature.
1,2 Poly(para-phenylenes)(PPPs), as an important component of quasi-one-dimensional conducting polymers 3 , have a great potential to be superconductors due to the great features of high conductivity, 4 the absence of isomerization upon doping, nondegenerate ground state structure, large Coulomb correlation, 5 and bipolaron conducting mechanism.
6 p-Oligophenyls with a shorter chain possess the similar molecular structure of PPP which with infinite benzene rings linked by single carbon-carbon bond in para position. In fact, PPP also exhibits high electrical conductivity upon doping donors or acceptors. 7 The conductivity of doped PPP significantly increases with the increasing chain length 8 in contrast to that the band gaps decrease as a function of increasing quinoid character of the backbone. 9 Recently, potassium-doped p-terphenyl, as a member of p-oligophenyls, attracts a lot of attentions due to the discovery of superconductivity with critical temperatures of 7.2 K, 43 K and even 123 K. [10] [11] [12] These discoveries support previous predictions 13 upon calculating which claim that potassium-doped solid benzene shows spuerconductivity with most stable phase of T c around 6.2 K and this superconducting phase shares the common feature of aromatic hydrocarbons superconductors. By comparing the first-principles calculations and the experimentally observed X-ray diffraction patterns, 14 the superconducting phase with T c of 7.2 K 10 in potassium-doped p-terphenyl should be a mixture phase with doping level of range from 2 to 3. The 7.2 K superconducting phase reemerges in potassium-doped pquinquephenyl 15 and 2,2 ′ -bipyridine, 16 respectively. Subsequently, a new report 17 provided the spectroscopic evidence for superconducting pairing gaps persisting to 60 K or above on the potassium surface-doped p-terphenyl single crystals by measurements of angle-resolved photoemission spectroscopy (ARPES). The gapped phases were also observed in K-doped single layer p-terphenyl films grown on Au (111). 18 The unresponsive feature of this gap to the applied magnetic field up to 11 Tesla implies the extremely high upper critical field for such high T c superconductors. Afterwards, another superconducting phase with high T c of 107 K was reported in p-terphenyl flakes upon doping potassium. 19 The discussion about band structure and density of states of p-terphenyl helps to search high T c superconductors with similar electronic structure to p-terphenyl. 20 A proposal of the mechanism driving the remarkable superconducting transition in K-doped p-terphenyl is the Fano resonance between superconducting gaps near a Lifshitz transition. 22 Meanwhile, a superconductivity-like transition was observed in potassium-doped p-terphenyl and p-quaterphenyl by high-pressure synthesis. 23 The observations of ferromagnetic background and the absence of diamagnetic magnetic susceptibility make them to claim that it is insufficient to regard potassiumdoped p-terphenyl and p-quaterphenyl as superconductors. Superconductivity in potassium-doped p-terphenyl gets supports from both experimental [10] [11] [12] [17] [18] [19] and theoretical 14, 20, 22 works. Thus, exploring the possibility of superconductivity in p-quaterphenyl which consists one more benzene ring than p-terphenyl is worthy of further exploration.
p-Quaterphrnyl, as a member of conjugated semiconducting oligomers, has an extensive potential for organic thin film transistors, 24 organic light emitting diodes (OLED), 25 and organic lasers 26 due to the optical activation. 27 Oriented p-quaterphenyl layers show favorable feature of charge carrier transport in comparison with bulk material.
29 Such π-conjugated oligomers like pquaterphenyl thin films express an obvious trend towards crystallize, 28 and the thin films of crystalline organic semiconductors exhibit anisotropy in charge transport.
Simultaneously, depending on the conjugated structure, the derivatives of p-quaterphenyl also show strong blue light emission in solution. 30 Both these optical and electronic features make the p-quaterphenyl thin films and derivatives available for photoelectric devices. The absolute advantages of organic over conventional thin film transistor materials, such as the permit of mechanically rugged and flexible systems, 24 drive people to create organic thin film materials with high quality under the influence of temperature, 31,32 magnetic field, 33 and surfactant. 34 After the applications in photoelectricity, the high possibility of superconductivity in pquaterphenyl will enrich other applications.
In this work, we report the finding of superconductivity in potassium-doped p-quaterphenyl by annealing or pestling process. The magnetization measurements provide the solid evidences of the presence of Meissner effect with T c ′ s ranging from 3.5 K to 120 K. The primary 7.2 K superconducting phase can be reduplicated in both the annealed and pestled samples. Another weak superconducting phase with a high T c of 120 K is observed in the pestled sample as well. The realization of superconductivity in potassium-doped p-quaterphenyl adds a new leaguer of superconductors in p-oligophenyl family. The Raman scattering measurements provide the evidences of the formation of bipolarons. Otherwise, this work also provides a simple method to synthesize the organic superconductors by pestling without annealing.
II. EXPERIMENTAL DETAILS
We synthesized samples by doping potassium into p-quaterphenyl. The white powdery p-quaterphenyl (99.5%, purity) and potassium metal (99%, purity) were purchased from Alfa Aesar and Sinopharm Chemical Reagent, respectively. In an argon atmosphere of glove box with the oxygen and moisture levels less than 0.1 ppm, potassium was cut into pieces and mixed with pquaterphenyl with the mole ratio 3:1∼4:1. Then the mixtures were sealed in quartz tubes under high vacuum (1×10 −4 Pa) and heated at temperature 605∼625 K for 72∼240 hours in furnace. After the annealing, the formerly white powder turned to black solid particles. The annealed sample tubes were opened in glove box and the samples were pestled into powder in an agate mortar. In addition, we also prepared samples by pestling the mixtures of p-quaterphenyl and potassium without annealing. The powdery mixture gradually turned to black by pestling in an agate mortar. Both annealed and pestled samples were loaded into non-magnetic capsules and capillary tubes for following magnetization and Raman scattering measurements. The magnetization measurements were performed with a SQUID magnetometer (Quantum Design MPMS3) in the temperature range of 1.8∼300 K. An in-house system with Charge Coupled Device and Spectrometer Princeton Instruments in a wavelength of 660 nm was used to collect Raman scattering spectra. 
III. RESULTS AND DISCUSSION
The potassium-doped p-quaterphenyl samples were synthesized in diverse conditions. The paramagnetic behavior in the samples without superconductivity fit well with Curie-Weiss Law. Nevertheless, several samples, listed in Table I , present superconductivity. The primary superconducting phase with critical temperature of 7.2 K is repeated in the samples #7, #16, #27, #43 and #50. The adding 4.3 K and 6.1 K superconducting phases accompany with the primary superconducting phase, respectively. Moreover, superconductivity of 7.2 K is obtained by pestling the mixtures of p-quaterphenyl and potassium without annealing (labeled by #50). Interestingly, another weak superconducting phase with a high T c of 120 K is observed in the sample #10.
Superconductivity of potassium-doped p-quaterphenyl is characterized by magnetization measurements. Figure  1 (a) displays the temperature dependence of the magnetic susceptibility χ in a low magnetic field of 10 Oe with the field-cooling (FC) and zero-field-cooling (ZFC) runs for the sample (labeled by #16). The ZFC curve shows a sharp drop at the temperature of 7.2 K with a second drop at the temperature of 6.1 K, while a platform after the drop at the temperature of 7.2 K can be observed in the FC run. The magnetic measurements of this sample reveal two superconducting phases with critical temperatures of 6.1 K and 7.2 K, respectively. Supposing that the density δ of this sample is about 3 g/cm 3 , we get the shielding fraction 4πχδ=0.1488% from Fig. 1(a) . The volume fraction of superconducting content is not very high due to the presence of impurities.
The obtained superconductivity of potassium-doped pquaterphenyl is further demonstrated by the curve of the temperature dependence of the χ measured at various magnetic fields. In Fig. 1(b) , the T c gradually diminishes with increasing magnetic field since the superconducting fraction is suppressed by the applied magnetic field. The second 6.1 K superconducting phase is hardly observed at the magnetic field larger than 400 Oe, while the 7.1 K superconducting phase maintains until 1000 Oe. The Meissner effect of this superconductor is further demonstrated by magnetization measurements. Figures 1(c) and 1(d) present the magnetization hysteresis loop up to 1000 Oe at various temperatures from 1.8 K to 7 K in the superconducting state, after removing the paramagnetic background (a straight line). In Fig. 1(c) , the lower critical magnetic field H c1 is determined by the deviation from linearity in M versus H curves. The linearity region largens with decreasing temperature, meanwhile, the H c1 becomes higher along with lower temperature. Figure 1(d) represents the magnetization hysteresis loop with magnetic field along two opposite directions up to 1000 Oe at various temperature from 1.8 K to 7 K in superconducting state. The diamond-like shape of the magnetization hysteresis loop indicates that this sample is a typical type-∐ superconductor.
The H c1 values at these selected temperatures are summarized in Fig. 1(e) . The inset shows the method to determine H c1 based on the deviation of the linear behavior at higher field. The zero-temperature extrapolated value of H c1 (0) is 261±9.6 Oe by means of calculating the empirical law
shows the H c2 versus T c curve, and the T c at applied filed is determined from the intercept of linear extrapolations from below and above the transition as shown in the inset. The calculated H c2 (0) at zero temperature is 978±7.5 Oe by using the Werthamer-Helfand-Hohenberg (WHH) formula 35 H c2 (0)=0.693×[-dH c2 (T )/dT ] T c ×T c , and 1092±39 Oe by fitting H c2 (T ) with the expression
based on the Gonzburg-Landau theory.
The sample #50 was uncomplicatedly synthesised by just pestling the mixture of potassium and pquaterphenyl with a mole ratio of 4:1 without annealing. As shown in Fig. 2 , the magnetization measurements provide the evidence of the existence of superconductivity in this sample. Figure 2(a) represents the temperature dependence of the χ in the applied magnetic field of 20 Oe with the FC and ZFC runs. The ZFC curve shows a sudden decrease at the temperature of 7.2 K, and a small upturn after the drop can be seen in the FC run. There is an obvious paramagnetic background accompanying with superconducting phase. The inset of Fig. 2(a) shows the magnetization hysteresis loop with magnetic field along two opposite directions up to 1000 Oe at 1.8 K after re- moving the paramagnetic background. The shape of this loop is a typical character for a superconductor. Figure 4(b) represents the temperature dependence of the χ measured at different magnetic fields up to 700 Oe in the ZFC processes. The superconducting fraction is suppressed by the applied magnetic fields. When the field is higher than 700 Oe, the superconducting transition is hardly observed. These features reveal that the sample #50 is a new superconductor which is synthesised by just pestling without annealing. In addition, a weak superconducting phase with a high T c of 120 K is observed in the sample #10. The sample #10 was synthesised by pestling the mixture of potassium and p-quaterphenyl with a mole ratio of 3:1 without annealing. Figure 2 (c) displays the temperature dependence of the χ for the sample #10 in the applied magnetic field of 20 Oe with the FC and ZFC processes. The χ versus T curve exhibits a clear drop at the temperature of 120 K in the ZFC run, while the drop is too weak to be observed precisely in the FC run. This result supports the discovery of superconductivity in potassium-doped pterphenyl with T c of 123 K. 12 The 120 K superconducting phase may be the common feature in p-oligophenyls with single C-C connected bond(s). Figure 3 shows the Raman scattering spectra of the pristine, the annealed, and the pestled samples, respectively. The sticks over the pristine sample give the clarifications of the vibrational modes of the pristine p-quaterphenyl. 36 The Raman spectra of the annealed sample can be reduplicated in most annealed samples. This Raman spectrum in red line implies the formation of bipolarons, the scenario is consistent with previous works. 37 According to the theory of bipolarons, two potassium atoms intercalate into the C-C bands between adjacent rings upon doping. Along the chain, the C-C bands between rings are reduced. In the inner-rings, the parallel bonds decrease whereas the inclined bonds increase. As a result, the inner-rings become quinoid. The molecule becomes nearly coplanar conformation and forms the conjugate conformation in the chain, and it leads to high intrachain mobilities of charge carriers such as bipolarons. 38 Contrast with the Raman spectra of pristine and annealed sample, the following five aspects reveal the formation of bipolarons. Firstly, the bipolaronic bands centered at 1581 cm −1 appear after the merging of the strong bands at 1591 cm −1 and 1601 cm −1 . They show downshifts in wavenumber due to the increase of the inclined C-C band lengths within the rings. 37 Secondly, the new bipolaronic band at 1470 cm −1 is associated with the vibrational mode of the C-H bend of external rings. bands at 1179 cm −1 and 1215 cm −1 correspond to the 1218 cm −1 band in the pristine. Finally, the new bipolarnic band at 961 cm −1 arises from the in-plane ring bend. Furthermore, in the pestled sample, it can be obviously seen the coexistence of the pristine and bipolarons. Nevertheless, the intensity of the phonon modes in pristine is stronger than those of bipolarons. The strong bands at around 1600 cm −1 are the overlap with the pristine and the bipolaron. The new band at 1465 cm −1 in the pestled sample is homologous to the band at 1470 cm coronene, 43 and 1,2:8,9-dibenzopentacene. 44 The current work together with our recent experimental findings [10] [11] [12] 15, 16 adds a new family of organic superconductors connected by single C-C linked bond(s).
IV. CONCLUSIONS
Encouraged by the discovery of superconductivity in potassium-doped p-terphenyl, we examine such a possibility in p-quaterphenyl with one more phenyl ring than p-terphenyl based on the consideration of that the conductivity increases with increasing chain length in polyp-phenylene family. The samples synthesised in various conditions of annealing or just pestling. The Meissner effect with critical temperatures ranging from 3.5 K to 120 K is observed by the magnetic susceptibility measurements. The superconducting phase of 7.2 K can be reduplicated in several samples with superconductivity and seems to be the most stable phase. Comparing with previous reports about superconductivity in potassium-doped p-terphenyl, p-quinquephenyl, and 2,2 ′ -bipyridine, the primary 7.2 K superconducting phase maybe the common character in chain linking molecules. Analogously, the weak 120 K superconducting phase in potassium-doped p-quaterphenyl is corresponding to the superconducting phase with T c above 120 K in potassium-doped p-terphenyl. In both the annealed and pestled samples with superconductivity, the bipolaronic character is observed by the Raman scattering measurements. The discussion of that the mechanism of superconductivity whether from bipolarons remains a subject for further researches. The realization of superconductivity in potassium-doped p-quaterphenyl supports the discovery of superconductivity in potassium-doped pterphenyl and adds a new leaguer of superconductors in p-oligophenyl family. The innovation of synthetic method by just pestling without annealing opens up a new royal road to synthesise organic superconductors.
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